ABSTRACT In this paper, reduced-sized dual-wideband bandpass filter designs using bridged-T coils are proposed. The bridged-T coil can be designed as a wideband lumped-element equivalent of the transmission line, and it is used to replace all or part of the transmission line sections in a conventional dual-wideband bandpass filter for very efficient circuit size reduction. The tradeoff between circuit size and insertion loss is investigated, and practical design examples are presented to demonstrate the filter performance.
I. INTRODUCTION
Bandpass filter (BPF) with multiple passbands has gained much research interest over the past decade. Especially, various works on dual-band BPF designs have been proposed while most of them are narrow-band ones. Only a few works on the design of dual-wideband BPF have been reported in recent years [1] - [6] . In [1] , a dual-wideband BPF is achieved by the parallel connection of two wideband multi-mode resonator BPFs that are designed with a 180 • difference between their insertion phase responses. In [2] , dual-wideband BPFs are formed by folding a multi-mode resonator to create one additional coupling path. A class of dual-wideband BPFs based on a coupled stepped-impedance resonator (SIR) along with a frequency variant source-load coupling network is proposed in [3] . The signal-interference principle is applied to the design of dual-band BPFs with widely separated broad passbands in [4] . Since these dual-wideband BPFs utilize the periodic and/or the multi-resonance behavior of transmission line resonators to achieve multiple passbands, their circuit sizes become quite large especially for low-frequency applications. In [5] , a super-compact dual-wideband BPF is achieved by using bandstop and highpass structures to divide a wide passband into multiple passbands. In [6] , a novel dualwideband BPF comprising of composite series and shunt resonators is presented. Through the proper arrangement of the transmission poles and zeros of the composite series
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and shunt resonators, a dual-wideband frequency response with high skirt selectivity is achieved. In addition, due to the employment of lumped-element resonators, the designed filter exhibits a great compact feature compared with the previous works. The bridged-T connection or bridged-T coil (BTC) [7] shown in Fig. 1 has been successfully utilized as a wideband lumped-element equivalent of the transmission line for the development of miniature microwave passive components [8] , [9] . Comparing with the conventional lumped T-or π-networks, a BTC-based lumped-element transmission line equivalent features a much wider bandwidth from dc up to an electrical length of π [10] . It has been successfully applied to the size reduction of broadband BPFs [11] - [13] and wideband power dividers [8] , [14] . Through the employment of BTC, the circuit size can be largely reduced to less than 1% of the original transmission line-based design while no reduction in bandwidth is observed. Especially, the resulted BTC-based microwave circuit can be conveniently realized using the integrated passive device (IPD) process to help achieve highly integrated RF front-end modules [15] . In addition to the size reduction of wideband microwave passive components, the use of BTC for miniature dual-band hybrid coupler, power divider, and absorptive bandstop filter designs [16] , [17] has also been reported recently. However, due to the limitation of the dual-band design of BTC, the bandwidth of the resulted dual-band hybrid coupler, power divider, and bandstop filter cannot be properly controlled.
In this paper, the application of BTC for the size reduction of dual-wideband BPF is proposed. Specifically, the BTC is used to replace all or part of the transmission line sections of a dual-wideband BPF to achieve very efficient circuit size reduction. In addition, due to the difference in quality factors between the transmission line and BTC, there exist a trade-off between the level of circuit size reduction and the passband insertion loss of the resulted dual-wideband BPF. A hybrid design approach will be presented to achieve the proper balance between circuit size and insertion loss. Fig. 2(a) is the circuit model of the dual-wideband BPF proposed in [1] , which can achieve a symmetrical dualband bandpass frequency response with respect to the middle frequency f 0 . It features the advantage that a systematic synthesis procedure has been established in [1] . However, due to the fact that each of the transmission line sections with an electrical length θ is quarter-wavelength (λ/4) long at the middle frequency f 0 , the circuit size is quite large especially for low frequency applications.
II. FILTER DESIGN A. TRANSMISSION LINE-BASED DESIGN
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As an example, a dual-wideband BPF based on Fig. 2 (a) is realized with the grounded coplanar waveguide (GCPW). Here, the middle frequency f 0 is set as 1.5 GHz so θ = 90 • at 1.5 GHz. Following the design procedure in [1] , the line impedances are determined as: Z 1 = 81.6 , Z 2 = 60.1 , Z 3 = 38.0 , and Z 4 = 45.8 . The corresponding center frequency for the first and second passbands are 0.7 and 2.17 GHz, respectively. A RO4003C microwave laminate (ε r = 3.38, tanδ = 0.0021) with a thickness of 0.73 mm is chosen for circuit implementation. The circuit layout can then be designed accordingly and the circuit photograph of the implemented filter is shown in Fig. 2(b) . Shown in Fig. 2(c) are the circuit simulated, EM simulated, and measured frequency responses of the GCPW filter in Fig. 2(a) , and a dual-band bandpass response is achieved as expected. The circuit simulation is done by AWR Microwave office while the EM simulation is carried out using Ansys HFSS. Good agreement between the EM and circuit simulated results is observed. The little deviation between them is mainly due to the discontinuity effects and power losses that are not considered in the circuit model. The measured result is in good agreement with the EM simulated one except for the deviation caused by the fabrication error. The measured 15-dB return loss bandwidth is from 0.59 to 1.13 GHz for the first passband while the minimum measured in-band insertion loss is 0.34 dB at 0.66 GHz. As for the second passband, the measured 15-dB return loss bandwidth is from 1.86 to 2.38 GHz and the minimum measured insertion loss is 1 dB at 2.12 GHz. Regarding the circuit size, this GCPW-based dualwideband BPF exhibits a large circuit size of approximately 80 mm × 80 mm, which corresponds to 0.4λ 0 × 0.4λ 0 at f 0 = 1.5 GHz.
B. BRIDGED-T COIL-BASED DESIGN
To largely reduce the circuit size of the dual-wideband BPF in Fig. 2 , BTCs can be adopted to replace the transmission line sections. Since the electrical length θ is equal to π/2 at f 0 while the two passbands are within the frequency range from θ = 0 to θ = π, a single BTC can be used to replace each λ/4 line section in Fig. 2(a) for its bandwidth is up to an electrical length of π [10] , [13] . The resulted circuit model is shown in Fig. 3(a) . Given the equivalent line impedance Z C and θ 0 = π/2 at f 0 , the required L and C values of each BTC in Fig. 3 (a) can be obtained using (1) to (4) given below where f a and f b are two selected frequencies around f 0 [9] . Since (1) to (4) are obtained by equating the network parameters of the BTC with that of the ideal transmission line, the BTC will be exactly equivalent to the desired transmission line at these two frequencies. On the other hand, for the other frequencies there will be deviations between the network parameters of the BTC and the ideal transmission line. Therefore, a proper selection of f a and f b is necessary for a good fit between the frequency responses of the BTCbased filter design and that of its transmission line-based counterpart [13] . Here, f a = 0.5 GHz and f b = 2.5 GHz are used and the resulted LC values are given in Table 1 . Shown in Fig The BTCs in Fig. 3 (a) are based on lumped-elements only so they can be realized using the IPD technology to achieve a very compact circuit size. Here, the silicon-based IPD process by the Advanced Furnace Corp. in [16] is adopted, which features three metal layers (i.e., Metal 1 to 3) on top of a high-resistivity silicon substrate. As an example, shown in Fig. 4(a) is the IPD layout of the BTC 4 in Fig. 3(a) designed with an equivalent characteristic impedance of 45. 8 and an equivalent electrical length of 90 • at f 0 = 1.5 GHz. The BTC is realized with a balanced spiral inductor along with metal-insulator-metal capacitors according to the layout design guidelines in [14] . The geometrical parameters are first obtained based on the required L and C values with the aid of the quasi-static EM solver Ansys Q3D. The circuit layout is then simulated using the full-wave EM solver Ansys HFSS, and the full-wave simulated Y -and Z -parameters are used to extract the corresponding L S , L P , C S and C P values using the design equations (6)-(10) in [9] . The layout are then properly adjusted until the extracted L and C values match with the design target given in Table 1 with minimum error. Shown in Fig. 4 (b) and 4(c) are the circuit and EM simulated S-parameters of BTC 4 . Very good agreement between them is observed except for the additional loss associated with the EM simulation. The loss associated with the BTC can be properly taken into account in the circuit simulation by considering the finite quality factors of the inductors and capacitors of the BTC, and the resulted circuit model is shown in Fig. 5 . The resistances can be suitably extracted from the EM simulated S-parameters using the method outlined in [18] as: R L = 0.78 , R S = 15 k , and R P = 3.5 k . The corresponding circuit simulation result based on the lossy BTC circuit model is also given in Fig. 4 (b) and 4(c), and the insertion/return loss as well as the insertion phase response match well with those of the EM simulation. From the extracted resistances, it can be concluded that the power loss associated with the balanced spiral inductor dominates the total power loss of the BTC. Similar to the layout design of BTC 4 , layouts of the other three BTCs in Fig. 3(a) can also be designed accordingly and they are then assembled together to form the BTC-based dual-wideband BPF shown in Fig. 6(a) . Notably, it features a very compact circuit size of only 4.81 mm×3.05 mm, which is around 0.024λ 0 × 0.015λ 0 at f 0 = 1.5 GHz. The VOLUME 7, 2019 photograph of the fabricated chip is shown in Fig. 6(b) . It is measured using on-wafer probing with SOLT calibration to the probe tips. Shown in Fig. 6(c) are the circuit simulated, EM simulated, and measured results. A dual-band bandpass response is observed as expected. Good agreement between measured and simulated results is obtained except that the power loss is not considered in the circuit simulation. The measured 15-dB return loss bandwidth is from 0.59 to 1.11 GHz for the low band while the minimum in-band insertion loss is 2.14 dB at 0.7 GHz. On the other hand, the measured 15-dB return loss is from 1.91 to 2.47 GHz for the high band and the minimum measured insertion loss is 3.63 dB at 2.29 GHz. Fig. 2(b) and the 45.8 − , 90 • BTC in Fig. 4(a) . The circuit simulated quality factor of the BTC based on the lossy circuit model in Fig. 5 is also included.
Although the BTC-based dual-wideband BPF in Fig. 6 successfully achieved a very compact circuit size, it leads to a much higher passband insertion loss at the same time. This is due to the fact that the quality factor of the BTCbased equivalent transmission line in IPD is much lower than that of the GCPW line implemented in RO4003C. As an example, shown in Fig. 7 is a comparison of the EM simulated quality factors of the 45.8-GCPW used in Fig. 2(b) and the 45.8-, 90 • BTC in Fig. 4(a) realized in IPD. The circuit simulated quality factor of the BTC based on Fig. 5 is also included. Specifically, the quality factor of the GCPW is 161.4 at f 0 = 1.5 GHz, while that for the BTC is only 20.3. The lower quality factor of the BTC is mainly due to the high conductor loss associated with the thin metal layers of the IPD process (i.e., the thickness of Metal 3 is 10 µm) as well as the narrow metal traces used to implement the balanced spiral inductors. Therefore, the high insertion loss of the BTC-based dual-wideband BPF is the tradeoff for the compact circuit size.
C. HYBRID DESIGN
In order to reduce the circuit size of the dual-wideband BPF while maintaining an acceptable passband insertion loss, a hybrid design approach is proposed instead. It is based on the mixed use of BTC and GCPW as demonstrated in Fig. 8 . Specifically, instead of replacing each λ/4 line in the original filter structure (i.e., Fig. 2 ) by a BTC, now the BTC is used to replace only part of the λ/4 line. In this way, the quality factor of the resulted equivalent transmission line can be enhanced while the circuit size is also reduced to some extent. To realize such a hybrid BTC-GCPW line, the BTC is still realized in IPD and the IPD chip is connected to GCPW lines at its input and output through wire bonding, which is illustrated in Figs. 8(b) and 8(c) . In order to compensate for the inductive parasitic effect of the bonding wire, two capacitive open stubs are included at the junction as shown in Fig. 8(b) . According to the analysis given in the Appendix, the quality factor Q of the resulted hybrid BTC-GCPW in Fig. 8(a) can be calculated by
where Q GCPW and Q BTC are the quality factors of the GCPW and BTC, respectively while φ GCPW and φ BTC are the electrical lengths of them. This means the quality factor of the hybrid BTC-GCPW line depends on the electrical length ratio between the BTC and GCPW. Since Q = Q GCPW for φ BTC = 0 in (5) and Q = Q BTC for φ GCPW = 0, the hybrid BTC-GCPW line in Fig. 8(a) will feature a quality factor between these two extremes. As an example, three different hybrid BTC-GCPW lines with different length ratio between BTC and GCPW are designed for performance comparison. They are all designed with the same equivalent characteristic impedance of 45. (4) and the results are given in Table 2 . They are then inserted between two GCPW lines as shown in Fig. 8 while the line lengths are properly designed such that the equivalent electrical length of each hybrid BTC-GCPW line becomes 90 • at 1.5 GHz.
Shown in Fig. 9 (d), 9(e), and 9(f) are the EM simulated S-parameters of these three hybrid BTC-GCPW lines along with those of the 45.8-, 90 • BTC in Fig. 4 . The reference impedance of the S-parameters is set as 45.8 . A comparison of the EM simulated quality factors of the four different designs is given in Fig. 10 . According to the return loss responses in Fig. 9(e) , all the four designs feature very good impedance matching to 45.8 . In addition, their insertion phases are all around the desired 90 • phase shift at 1.5 GHz. As shown in Fig. 9(d) and Fig. 10 , the hybrid BTC-GCPW realized with 30 • BTC and 60 • GCPW features the lowest insertion loss and the highest quality factor around 1.5 GHz as expected. However, it requires the longest GCPW line. Since the BTCs with different equivalent electrical lengths feature about the same circuit size as shown in Fig. 9 , the hybrid BTC-GCPW line with a longer GCPW and thus a lower insertion loss exhibits a larger circuit size. The performance of the three hybrid BTC-GCPW lines including the quality factor and circuit size is summarized in Table 3 , and they are compared with those of the GCPW line design in Fig. 2 and the BTC design in Fig. 4 to reveal the tradeoff between quality factor and circuit size.
In order to achieve a proper balance between circuit size and power loss, the hybrid BTC-GCPW line based on the combination of 45 • BTC and 45 • GCPW is adopted for the 38-and 45.8-λ/4 lines (i.e., Z 3 and Z 4 ) required in the dual-wideband BPF design. On the other hand, for the 81.6-and 60.1-lines with an electrical length of 180 • in Fig. 2(a) , they are realized by a 90 • BTC and two 45 • GCPW lines at its input and output. For example, the layout of the hybrid BTC-GCPW line with an equivalent characteristic impedance of 81. 6 and an equivalent electrical length of 180 • is shown in Fig. 11(a) . Its EM simulated S-parameters are given in Fig. 11(b) and 11(c) , in which the reference impedance of the S-parameters is set as 81.6 . The 81.6-hybrid BTC-GCPW line features a very good impedance match to 81. 6 as shown in Fig. 11(b) . Its insertion phase at 1.5 GHz is −179.24 • in Fig. 11(c) , which is very close to the design target. As for the insertion loss, it is only 0.4 dB at 1.5 GHz.
Based on the hybrid BTC-GCPW line designs, a reduced-sized dual-wideband BPF can be realized and the circuit layout is shown in Fig. 12(a) . The four BTCs of different equivalent impedances are implemented on the same IPD chip such that the chip size becomes larger and easier to handle during the packaging process. The GCPW lines are realized with the same RO4003C substrate. The interconnection between them is achieved through wire bonding. The photograph of the implemented filter is shown in Fig. 12(b) , and its circuit size is about 50 mm × 30 mm, which corresponds to 0.25λ 0 × 0.15λ 0 at f 0 = 1.5 GHz. Shown in Fig. 12(c) are the measured and EM simulated results. The measured 15-dB return loss bandwidth is from 0.58 to 1.07 GHz for the first band while the minimum in-band insertion loss is 0.95 dB at 0.67 GHz. As for the second band, the measured 15-dB return loss is from 1.81 to 2.23 GHz and the minimum measured insertion loss is 1.95 dB at 2.08 GHz. A lower insertion loss as compared with the BTC-based design in Section II.B is obtained as expected. In addition, the circuit size is much smaller than the GCPW-based design in Section II.A.
Shown in Table 4 is a comparison of the measured performance of the three dual-wideband BPF designs. It can be observed that the BTC-based design can largely reduce the circuit size to 0.23% the size of the original filter in Fig. 2 , but the drawback is its much higher insertion loss. On the other hand, the hybrid design can reduce the circuit size by 76.6% while the increase in passband insertion loss is within 1 dB as compared with the transmission-line based design in Fig. 2 . It thus becomes a favorable choice for a proper balance between circuit size and passband insertion loss.
III. CONCLUSION
In this paper, the size reduction techniques for a dualwideband BPF is presented. The mixed use of BTC and transmission line can achieve very efficient circuit size reduction VOLUME 7, 2019 while maintaining an acceptable level of passband insertion loss. This design technique can also be applied to the circuit size reduction of other transmission-line based microwave circuits so as to achieve a proper balance between circuit size and insertion loss.
APPENDIX
The derivation of the quality factor of the cascade of BTC and transmission line sections in Fig. 8(a) will be given below. Here a BTC is inserted between two transmission line sections of the same characteristic impedance Z C while their electrical lengths are equal to φ 1 and φ 3 as shown in Fig.  13(a) . These two line segments are considered as lossy. Their propagation constants are γ 1 = α 1 + jβ 1 and γ 3 = α 3 + jβ 3 , respectively and their physical lengths are l 1 and l 3 . Even though the line is lossy, under low loss approximation [19] the line impedance Z C can be considered as a real number. The BTC in Fig. 13(a) is designed with an equivalent characteristic impedance of Z C as well and its equivalent electrical length is φ 2 . Due to the wideband nature of BTC, it can be modeled by a section of transmission line with a characteristic impedance Z C , a propagation constant γ 2 = α 2 + jβ 2 , and a physical length l 2 while β 2 l 2 = φ 2 . In this way, the equivalent circuit model of Fig. 13(a) can be obtained as Fig. 13(b) , which is the cascade of three transmission line sections with the same characteristic impedance Z C but different propagation constants and line lengths. Let the total electrical length be equal to π/2 at ω 0 , i.e., φ 1 (ω 0 ) + φ 2 (ω 0 ) + φ 3 (ω 0 ) = β 1 (ω 0 )l 1 + β 2 (ω 0 )l 2 + β 3 (ω 0 )l 3 = π/2, this cascaded of transmission lines can be made equivalent to a parallel RLC resonator obtained by terminating it into a short end as shown in Fig. 13(c) . The input impedance looking into the other end, i.e., Z in1 in Fig. 13(c) can be obtained as follows:
Let the guided wavelengths of the three transmission line sections be equal to λ g1 , λ g2 , and λ g3 at ω 0 , respectively and ω = ω 0 + ω. Under TEM assumption, 
In addition, tanh(α 1 l 1 +α 2 l 2 +α 3 l 3 ) ≈ (α 1 l 1 +α 2 l 2 +α 3 l 3 ) for small loss. Using these results in (6) and considering ω ≈ ω 0 gives 
The result is of the same form as the input impedance of a parallel RLC circuit in [19] with
C = π 4ω 0 Z C (10) Therefore, the quality factor Q can be obtained as Q = ω 0 RC = π 4(α 1 l 1 + α 2 l 2 + α 3 l 3 ) ω=ω 0 (11) Note that the quality factor at ω 0 for each of the three transmission line sections in Fig. 13 (c) is [19] 
Therefore, the quality factor Q of the cascaded of BTC and transmission lines in Fig. 13(a) 
The result gave above also suggests that even though the propagation constants for three transmission line sections in Fig. 13(b) are different, one can still use the formula of quality factor for a uniform transmission line of length l, i.e., Q = β/2α to calculate its quality factor Q. That is, Q can also be obtained by 
